Several products of the activated complement system are known to modulate endothelial cell function in vitro. It has been shown that the membrane attack complex (MAC) (C5b-C9) can enhance tumor necrosis factor alpha (TNF-␣)-induced expression of P-and E-selectin and intercellular adhesion molecule type 1 in cell cultures of human umbilical vein endothelial cells. In the present study the potential role of this synegism for lung injury during endotoxin-mediated septic shock in vivo was examined using a model of C6-deficient PVG (C؊) (RT1 C ) rats and the congenic PVG (C؉) (RT1 C ) strain. Following administration of a high (5 mg/kg) or low (0.5 mg/kg) dose of lipopolysaccharide (LPS) (Escherichia coli O55:B5), we determined the expression of cytokines, chemokines, and adhesion molecules as well as the recruitment of leukocytes in the lung. Challenge with intraperitoneal i.p. injections of LPS resulted in a strong induction of TNF-␣, interleukin-1␣/␤, cytokineinduced neutrophil chemoattractant, interferon-inducible protein 10, macrophage inflammatory proteins 1␣ and 2, macrophage chemotactic protein 1, and P-selectin. However, there were no significant differences between PVG (C؊) and PVG (C؉) rats. Immunoperoxidase staining showed a similar increase of lung infiltration by CD11b/c ؉ leukocytes in both rat strains. We therefore conclude that the described synergism between TNF-␣ and the MAC of the complement system on the induction of endothelial adhesion molecules is dispensable for inflammatory processes during endotoxin-mediated septic shock in vivo.
Systemic administration of lipopolysaccharide (LPS) results
in acute inflammatory lung injury and septic shock (1, 6) . This challenge of the immune system induces the systemic release of cytokines including tumor necrosis factor alpha (TNF-␣), interleukin-1 (IL-1), IL-2, IL-4, IL-6, and gamma interferon and induction of both endothelial and leukocyte adhesion molecules such as E-selectin, P-selectin, intercellular cell adhesion molecule type 1 (ICAM-1) and CD11b/c (32, 33) . Components of the complement system like C3b, iC3b, and C5a are considered to play important roles in leukocyte-endothelial cell adhesive interactions and endothelial cell activation (9, 15) . Both C5a and the membrane attack complex (MAC) promote expression of the adhesion molecule P-selectin by endothelial cells (15) . In vitro experiments have demonstrated that C5a acts on human umbilical vein endothelial cells to induce rapid expression of the adhesion molecule P-selectin and to promote neutrophil adhesion (9) . TNF-␣ acts in concert with numerous mediators like IL-1 and IL-6. Moreover, upregulation of lung vascular ICAM-1 induced by intratracheally administered TNF-␣ was prevented by complement depletion, which suggested an in vivo function of complement for the upregulation of vascular ICAM-1 (31) . Using an in vitro system, it was demonstrated that endothelial cell activation with TNF-␣ followed by assembly of the MAC resulted in a marked increase of E-selectin and ICAM-1, suggesting a synergistic action of TNF-␣ and MAC (12) for the induction of leukocyte-endothelial cell interactions.
The induction of adhesion molecules and chemokines is considered important for the development of inflammatory lung injury. Thus, the concentrations of IL-8 in bronchioalveolar lavage fluid of acute respiratory distress syndrome patients was directly correlated with mortality and with neutralization of IL-8 receptor-binding chemokines protected from LPS-induced lung vascular damage in experimental animals (7, 10, 16, 25, 29) . Following systemic application of LPS or intrapulmonary deposition of immune complexes, acute damage to the lungs was prevented by antibodies against macrophage inflammatory protein 1␣ (MIP-1␣) (26, 27) . In the immune complex model, E-selectin and VLA-4 were involved in the generation of lung injury, while blockade of P-selectin and Mac-1 protected the host from injury induced by cobra venom factor (18, (20) (21) (22) (23) . In contrast, inhibition of LFA-1, ICAM-1, or L-selectin showed protective effects in both models (17, 20, 22, 23) . Thus, depending on the nature of the inflammatory stimulus or the route of application, specific subsets of chemokines and adhesion molecules may be involved in the pathogenesis of inflammatory lung injury.
In the present study, we investigated the possible synergism between TNF-␣ and the MAC for the development of lung inflammation in vivo using a model of PVG (CϪ) (RT1 C ) rats, which are entirely deficient in C6 and unable to assemble the MAC (C5b-C9), and the congenic PVG (Cϩ) (RT1 C ) rats with normal hemolytic complement activity (3, 5, 14) . 
MATERIALS AND METHODS
Animals. Male 9-to 12-week-old homozygous C6-deficient rats PVG (CϪ) (RT1 C ) rats were obtained from Bantin & Kingman (Fremont, Calif.), and PVG (Cϩ) (RT1 c ) rats were obtained from Bantin & Kingman Universal Limited (Grimston, United Kingdom). Sera of PVG (CϪ) and PVG (Cϩ) rats were tested by hemolytic complement assays and gel electrophoresis to confirm C6 deficiency as described previously (5) .
Endotoxin-mediated septic shock. PVG (CϪ) and PVG (Cϩ) rats (five per group) were injected i.p. with a single dose of either low-dose (0.5 mg/kg) or high-dose (5 mg/kg) LPS from Escherichia coli serotype O55:B5 (Sigma Chemical Co., St. Louis, Mo.) dissolved in 10 ml of phosphate-buffered saline (PBS), and 4, 8, or 12 h later the lungs were removed. The thorax was opened by bilateral thoracotomy. The right main bronchus was ligated, and the right lung was removed, snap frozen in liquid nitrogen, and stored at Ϫ80°C for RNA analysis. The cervical trachea was exposed and opened by horizontal incision, and a 17G Venflon catheter was inserted. The left lung was filled with medium consisting of a 1:1 mixture of Tissue-Tec (OCT compound) and 10% sucrose (Sigma) dissolved in PBS. The left main bronchus was ligated, and the left lung was removed, covered with Tissue-Tec, snap frozen in liquid nitrogen, and stored at Ϫ80°C for immunohistochemistry.
Antibodies. The following monoclonal antibodies (MAbs) were used in this study: mouse anti-rat CD11b/c (Ox-42) MAb, rabbit anti-human CD62P (Pselectin) MAb (cross-reaction with rat), mouse anti-rat CD54 (ICAM-1) (1A29) MAb, and mouse anti-rat CD45 (Ox-1) MAb. Purified mouse immunoglobulin G1 kappa chain (IgG1) (MOPC-21) was used as an isotype control. All MAbs were purchased from PharMingen (San Diego, Calif.). Polyclonal goat antihuman C6 was obtained from Accurate (Westbury, N.Y.) and anti-human IgG was obtained from PharMingen.
Immunohistochemistry. Cryostat sections 8 m thick were prepared, fixed in cold acetone for 10 min, dried, and stored at Ϫ80°C. Endogenous peroxidase activity was blocked by preincubation of the sections with rat serum and H 2 O 2 . Thereafter, the sections were incubated for 30 min with 100 l of the diluted MAbs (dilution, 1:100). They were washed three times in PBS, and 100 l of secondary goat-anti mouse IgG Ab (dilution, 1:100) or goat-anti rabbit IgG Ab (dilution, 1:100) labeled with horseradish peroxidase (PharMingen) was added for 30 min. Nonspecific background staining was reduced by preincubation of the peroxidase-conjugated antiserum with normal rat serum (dilution, 1:100). All incubations were conducted in a moist, light-protected chamber at room temperature. The sections were rinsed again in PBS, fixed for 5 min in 0.1% glutaraldehyde, and stained for 10 min in 50 mM acetate buffer containing 0.01% H 2 O 2 and 5 mg of 3-amino-9-ethylcarbazole (Sigma) per ml, which was dissolved in N,NЈ-dimethylformamide. After extensive washing in PBS, the slides were counterstained with Mayer's hematoxylin for 10 min and mounted with glycerolgelatin. All of the infiltrating leukocytes were counted in 10 different high-power fields in three sections of every tissue sample. The number of infiltrating cells was expressed as the mean value with standard deviation.
Quantification of mRNA levels by RT-PCR. After the rats were challenged with LPS, the right lung was removed and snap frozen in liquid nitrogen. Total cellular RNA was extracted using the acid guanidinium thiocyanate-phenolchloroform extraction method (8) . First-strand cDNA was synthesized from 20 g of total RNA using a mixture of oligo(dT) [12] [13] [14] [15] [16] [17] [18] and random hexamer primers and with Superscript reverse transcriptase (RT) (Gibco/BRL, Paisley, United Kingdom). The reaction mixture was incubated for 75 min at 37°C, and the reaction was terminated by heating to 95°C for 5 min. Thereafter, serial dilutions (1:3) were prepared from cDNA and used as a template in PCR. The primers used for amplification of specific cDNA fragments are listed in Table 1 . A 460-bp fragment of rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified as a control. Primer sequences for GAPDH were separated by introns to control for contamination with genomic DNA. The amplification reactions were allowed to proceed for 30 cycles, each consisting of a 1-min denaturation step at 94°C, a 30-s annealing step at 63°C, and a 90-s extension step at 72°C. The identity of the amplification products was confirmed in each case by restriction enzyme analysis. The final cDNA dilution yielding detectable amplification products was scored for each sample. To normalize mRNA levels, the cDNA titers for chemokines, cytokines, and adhesion molecules were divided by the GAPDH titers obtained from the same cDNA template.
RNase protection assay. For quantification of rat cytokine RNA (IL-1␣, IL-1␤, IL-6, and TNF-␣) levels in the lungs, the RiboQuant multiprobe RNase protection assay (rCK-1; PharMingen) was performed as specified by the manufacturer. Briefly, RNA probes were synthesized for 1 h by T7 RNA polymerase in the presence of [␣- 32 P]UTP and the reaction was terminated by adding DNase. From each lung sample, 10 g of total RNA was hybridized with the labeled RNA probe. Nonhybridizing RNA was removed by RNase A digestion, and this reaction was terminated with proteinase K. After phenol-chloroform extraction, probes were run on an acrylamide gel together with a dilution of the probe set serving as size markers. The gels were dried and exposed on a phosphorimager screen. With the undigested probes as markers, a standard curve was plotted and used to establish the identity of RNase-protected bands in the experimental samples. Cytokine mRNA levels were normalized to the L32 standard.
Hemolytic complement activity. The total hemolytic activity (CH 50 ) was determined as previously described (3). Briefly, sheep red blood cells (SRBC) were sensitized with rabbit anti-SRBC serum (Accurate) diluted 1:100. SRBC were added to serially diluted serum samples in 96-well U-bottom plates in triplicate. After incubation at 37°C for 60 min, the plates were centrifuged at 1,100 ϫ g at 4°C for 5 min. Supernatants were transferred to fresh 96-well plates to measure the hemoglobin (Hgb) release by determination of the optical density at 405 m with an automated scanner. The percent maximal Hgb release was calculated for each dilution as follows:
CH 50 was defined as the serum dilution yielding 50% of maximal Hgb release. Western blot analysis. Nonreducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (7% polyacrylamide) was performed using the method of Laemmli (13) . Serum samples were applied at at a dilution of 1:50. Proteins were -TGC-ATC-CTG-CAC-CAC-CAA-CT-3Ј  GAPDH antisense  460  5Ј-GCC-CCA-GCA-TCA-AAG-GTG-G-3Ј  ICAM-1 sense  485  5Ј-GCG-GCC-TTG-GAG-GTG-GAT-G3Ј  ICAM-1 
RESULTS

Complement deficiency in PVG (C؊) rats.
Both PVG rat strains were tested for hemolytic complement activity. The CH 50 titer of PVG (Cϩ) ranged between 40 and 80. PVG (CϪ) rats had no detectable hemolytic complement activity in CH 50 assays (Fig. 1) . Western blot analysis of serum samples revealed a strong C6 signal at 85 kDa in PVG (Cϩ) rats, whereas PVG (CϪ) rats had no detectable C6 expression (Fig. 2) . These results therefore confirm the C6 complement deficiency of PVG (CϪ) rats.
Lung cytokine induction by LPS in C6-deficient rats. Lung cytokine production was analyzed following i.p. injection of lowdose (0.5 mg/kg) and high-dose (5 mg/kg) LPS in PVG (CϪ) and PVG (Cϩ) rats. Induction of mRNA for TNF-␣, IL-1␣, IL-1␤, and IL-6 was determined 4 h after LPS injection by an RNase protection assay. The results for the 0.5-and 5-mg/kg groups are given in Fig. 3 and demonstrate a strong increase in the cytokine mRNA levels. Cytokine mRNA induction was about twofold stronger in the high-dose group than in the low-dose group. Importantly, we did not observe significant differences in lung cytokine induction between PVG (CϪ) and PVG (Cϩ) rats in the low-dose or high-dose group (Fig. 3 and data not shown) . Furthermore, TNF-␣ levels in serum, which transiently peaked at 1.5 h after LPS administration, were comparable in PVG (CϪ) and PVG (Cϩ) rats (data not shown). We therefore conclude that the complement MAC is not required for LPS-stimulated cytokine synthesis in the lungs.
Induction of chemokines and adhesion molecules in lungs. The production of the chemokines KC, MIP-2, MCP-1, MIP-1␣, and IP-10 in the lung was determined by RT-PCR analysis 4 h after LPS injection into PVG (CϪ) or PVG (Cϩ) rats. The challenge with 0.5 mg/kg caused only a weak induction of lung chemokines (data not shown), whereas the increase of KC, MCP-1, MIP-1␣, and IP-10 mRNA levels was about 20-to 200-fold after injection of high-dose (5 mg/kg) LPS (Fig. 4) . Stimulation of MIP-2 production was consistently lower than that of other chemokines. However, there were no significant differences between PVG (CϪ) and PVG (Cϩ) rats at low or high LPS concentrations (Fig. 4 and data not shown) .
In additional experiments, the mRNA expression of the adhesion molecules P-selectin, E-selectin, ICAM-1, and VCAM-1 was investigated by RT-PCR analysis 4 h after injection of LPS into PVG (CϪ) or PVG (Cϩ) rats. Although a strong induction of P-selectin mRNA was observed after challenge with high-dose LPS (5 mg/kg), there were no significant differences between PVG (CϪ) and PVG (Cϩ) rats (Figs. 5 and 6). P-selectin mRNA induction was not detected following injection of low-dose LPS 0.5 mg/kg (data not shown). In contrast, E-selectin, ICAM-1, and VCAM-1 mRNA levels were not significantly increased after challenge with either low-or high-dose LPS (Fig. 5 and 6 and   FIG. 4 . Induction of lung chemokine expression after LPS (5 mg/kg) challenge. Total RNA was isolated from the lungs of PVG (CϪ) and PVG (Cϩ) rats. Expression of MCP-1, MIP-1␣, KC, IP-10, and MIP-2 was determined before (open symbols) or 4 h after (solid symbols) i.p. challenge with LPS. Expression of chemokines was examined by RT-PCR analysis. To normalize mRNA levels, the cDNA titer of each chemokine, defined as the final dilution yielding detectable amplification products, was divided by the GAPDH titer derived from the same cDNA template. Each symbol represents the result from the lungs of a single rat (n ϭ 4).
FIG. 5.
RT-PCR analysis of lung adhesion molecule induction. Representative gels (n ϭ 4) of the RT-PCR analysis of the adhesion molecules P-selectin, E-selectin, and VCAM-1, 4 h after challenge with 5 mg of LPS/kg, are shown. The GAPDH controls of the same samples are also depicted. Serial cDNA dilutions (1:3) were used as template for PCR analysis. The most intense induction was found for P-selectin.
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on October 14, 2017 by guest http://iai.asm.org/ data not shown). Together, our results indicate that the MAC of the complement system is not required for the induction of lung chemokines and adhesion molecules in response to systemic LPS administration. Induction of lung infiltration by CD11b/c؉ leukocytes. CD11b/c is expressed on multiple leukocyte subsets, including neutrophils, mononuclear phagocytes, and NK cells, and it was detected by immunoperoxidase staining of lung sections. Challenge with high-dose (5 mg/kg) LPS resulted in a strong increase of CD11b/cϩ infiltrating cells in lungs removed after 4, 8, and 12 h. However, there was no difference in the intensity of the CD11b/cϩ cellular infiltrate after LPS administration between PVG (CϪ) and PVG (Cϩ) rats. Representative immunohistochemistry samples are shown in Fig. 7 . Challenge with low-dose (0.5 mg/kg) LPS also did not reveal any differences in lung leukocyte infiltration between PVG (CϪ) and PVG (Cϩ) rats (data not shown). Thus, LPS-induced leukocyte recruitment to the lungs is also C6 independent.
DISCUSSION
It is well known that cytokines such as TNF-␣ and IL-1␤ play central roles in endothelial cell activation and leukocyte-endothelial cell interactions during inflammation (2, 24) . Early activated components of the complement cascade, including the soluble anaphylatoxins C3a and C5a and surface-bound iC3b and C3b, are also important proinflammatory mediators (9, 15) . Although the function of the distal complement product (C5b-C9) in cytolysis has been extensively studied, its role in inflammatory processes is less well defined. Previous studies have shown that activation of complement factors close to the surface of endothelial monolayers resulted in the rapid upregulation of P-selectin. Further analysis suggested that the MAC was responsible for P-selectin expression (11) . In vitro studies with human umbilical vein endothelial cells showed an enhanced upregulation of ICAM-1 and E-selectin after treatment with TNF-␣ and preassembled complement MAC (12) . Using complement depletion by CVF, Vaporciyan et al. (31) observed an in vivo relationship between complement factors and upregulation of lung vascular ICAM-1, which was dependent on the presence of TNF-␣. However, the complement components responsible for ICAM-1 regulation could not be identified using this approach.
PVG (CϪ) and PVG (Cϩ) rats are genetically identical except for the deficiency in C6, which was demonstrated in various skin, heart, and liver transplant models (4, 5) . The C6 deficiency in PVG (CϪ) rats is probably caused by an unstable mRNA or a point mutation in the C6 gene, resulting in an aberrant transcription of the C6 gene (30) . In the present study, a defined endotoxin-mediated septic shock was induced in the recently described model of C6-deficient PVG (CϪ) (RT1 C ) rats, which are unable to assemble the distal complement factors to the MAC. The congenic PVG (Cϩ) rats (RT1 C ) (3, 5, 14) served as controls. These rat strains were used to investigate whether the suggested synergism between TNF-␣ and the MAC on the expression of P-selectin and ICAM-1 and possibly on other components of the inflammatory reaction is critical for the endotoxin-mediated lung injury.
The mRNA induction of the cytokines TNF-␣, IL-1, and IL-6 in the lungs was nearly identical in PVG (CϪ) and PVG (Cϩ) rats following LPS injection. Thus, it appears unlikely that differences in local cytokine concentrations between C6-deficient and control rats affect the results of chemokine and adhesion molecule analysis. Extensive analysis of the mRNA levels of P-selectin and E-selectin 4 h after challenge with LPS revealed only minor, statistically insignificant differences between PVG (CϪ) and PVG (Cϩ) rats. Additional experiments demonstrated that chemokine upregulation in response to systemic LPS administration was also comparable in PVG (CϪ) and PVG (Cϩ) rats. Consistent with these results, we were not able to detect any differences in lung leukocyte recruitment between these rat strains.
There are several possible reasons, why the recently described synergism (12, 31) between TNF-␣ and the MAC on the expres- sion of the adhesion molecules was not confirmed in the endotoxic shock model. First, potential costimulatory effects of the MAC may be detectable only at submaximal LPS dosages. We have therefore analyzed C6-deficient rats injected with low-dose LPS. This treatment resulted in a partial induction of cytokines, chemokines, and adhesion molecules, demonstrating submaximal LPS stimulation. However, even under these conditions, there were no significant differences between PVG (Cϩ) and PVG (CϪ) rats. Second, the synergy between the MAC and TNF-␣ for adhesion molecule induction was shown only in vitro and with the use of preassembled MAC (12, 31) . It is therefore possible that this in vitro activity of the MAC either is not be operative in vivo or is replaced by other inflammatory mediators. Third, the role of complement for the upregulation of lung ICAM-1 was shown by complement depletion with CVF (28) . It should be considered, however, that CVF treatment generates activated complement factors and numerous other potent inflammatory stimuli. Thus, mediators released in response to CVF may alter the reactivity to a secondary inflammatory stimulus, or complement components other than the MAC may be involved in lung inflammation. A recent report on CVF-mediated lung injury is consistent with this notion (19) . Finaly, the role of complement or MAC may be dependent on the nature of the inflammatory stimulus. Studies showing different adhesion molecule requirements for immune complex-induced (18, 20) and CVF-induced (17, 23) lung injury support this hypothesis. It is therefore also conceivable that complement or the MAC is involved in IgG immune complex-dependent but not LPS-dependent lung inflammation.
In summary, we conclude that the MAC of the complement system is not required for the development of lung inflammation in response to a systemic endotoxin stimulus.
